Introduction
============

Breast cancer is one the most frequently diagnosed cancer types in most countries and is the leading cause of cancer-associated death in \>100 countries ([@b1-mmr-22-04-3183]). Chemotherapy is a major treatment approach for breast cancer. However, the development of cancer cell resistance to different drugs, known as multidrug resistance (MDR), remains a challenge of cancer treatment ([@b2-mmr-22-04-3183]). Various cellular pathways may be involved in drug resistance, including the prevention of the intracellular accumulation of anticancer drugs via transport proteins that pump drugs out of cells ([@b3-mmr-22-04-3183]). Ample evidence suggests that the expression of ATP-binding cassette (ABC) transporters, especially P-glycoprotein (P-gp) encoded by ABC subfamily B member 1 (*ABCB1*), can confer resistance to cytotoxic and targeted chemotherapy ([@b4-mmr-22-04-3183]--[@b6-mmr-22-04-3183]). *In vitro* studies have shown that ABC transporters confer resistance to numerous drugs used to treat breast cancer, such as anthracyclines, taxanes and vinca alkaloids ([@b7-mmr-22-04-3183]). However, the mechanisms underlying the increased expression and/or activation of P-gp in breast cancer cells remains unclear.

Paired-related homeobox 1 (PRRX1) promotes EMT in breast ([@b8-mmr-22-04-3183]), colon ([@b9-mmr-22-04-3183]), pancreatic ([@b10-mmr-22-04-3183]) and gastric ([@b11-mmr-22-04-3183]) cancer. Tumor cells undergoing EMT are characterized by increased motility and invasiveness, which promotes dissemination to distant sites and the formation of metastases. In addition, tumor cells show decreased apoptosis and increased resistance to antitumor drugs, they contribute to immunosuppression and act as cancer stem-like cells ([@b12-mmr-22-04-3183]). However, it is not clear whether PRRX1 promotes MDR in breast cancer cells.

The present study aimed to determine the effects of PRRX1 overexpression on MDR in MCF-7 cells and the underlying mechanism of the process.

Materials and methods
=====================

### Cell culture and transient transfection

MCF-7 breast cancer cells (The Cell Bank of Type Culture Collection of the Chinese Academy of Sciences) were cultured in DMEM/high glucose (HyClone; Cytiva) supplemented with 10% fetal bovine serum (Biological Industries) at 37°C with 5% CO~2~ and 98% relative humidity in a culture incubator. Cells were separated and inoculated in 24-well plates after reaching 80% confluence. The cells in the experimental group (referred to as the PRRX1+ group) were transfected with a recombinant plasmid (1 µg/ml) carrying the *PRRX1* gene (pEX-3/PRRX1; Shanghai GenePharma Co., Ltd.) to generate MCF-7 cells with transient *PRRX1* overexpression. Cells in the negative control group (N.C group) were transfected with an empty pEX-3 vector (GenePharma), and the blank control group (the B.C group) included untreated MCF-7 cells.

The culture medium was replaced the day before transfection, and transfection was performed using Lipofectamine^®^ 2000 (Thermo Fisher Scientific, Inc.) reagent according to the manufacturer\'s instructions. The morphology and transfection efficiency were observed under an inverted fluorescence microscope (magnification, ×200; Olympus Corporation) 48 h after transfection. A total of three fluorescence images were captured randomly, and the percentage of transfected cells were calculated using the following equation: (Number of GFP^+^ cells/total number of cells) ×100. Cells (\~9×10^5^ cells/well) in the three groups were harvested for mRNA and protein analyses.

### Reverse transcription-quantitative (RT-q)PCR assay

Total RNA was extracted from cultured MCF-7 cells from the three groups using TRIzol^®^ reagent (Beijing Solarbio Science & Technology Co., Ltd.). A reverse transcription kit and Trans Start Probe RT-PCR Super Mix (both purchased from Transgene SA) were used to reverse transcribe RNA into template cDNA. Transcript data were obtained using the Bio-Rad One-Step Plus system (CFX96 Touch; Bio-Rad Laboratories, Inc.). Primer sequences are shown in [Table I](#tI-mmr-22-04-3183){ref-type="table"}. The relative mRNA expression levels of E-cadherin, vimentin, *PTEN, MDR1* and *PRRX1* were determined, and normalized to the interval reference gene GAPDH. The reaction conditions were as follows: Pre-denaturation at 95°C for 30 sec, followed by 40 cycles of denaturation at 98°C for 10 sec, annealing at 60°C for 30 sec and 95°C for 1 min, followed by cooling at 40°C. TaqMan (Transgene SA) probes were used. The relative mRNA expression levels were calculated using the Pfaffl method ([@b13-mmr-22-04-3183]).

### Simple western blotting analysis

Simple western blotting was performed as described previously ([@b14-mmr-22-04-3183],[@b15-mmr-22-04-3183]). MCF-7 cells were lysed in radioimmunoprecipitation assay buffer (Beijing Solarbio Science & Technology Co., Ltd.) supplemented with a protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA) on ice for 1 h and centrifuged at 8,000 × g for 20 min at 4°C. The supernatant was collected, and the protein concentration was measured using a bicinchoninic acid assay (Beyotime Institute of Biotechnology). The protein lysate was diluted with 0.1X sample buffer (cat. no. 042--195; ProteinSimple) and the final concentration of the protein sample was adjusted to 0.2 mg/ml. The samples and biotinylated ladder were denatured at 95°C for 5 min and stored on ice. A primary antibody against PRRX1 (cat. no. ab171502) was purchased from Abcam, and primary antibodies against N-Cadherin (cat. no. 13116), Vimentin (cat. no. 5741), P-gp (cat. no. 13342), PTEN (cat. no. 9188), phosphorylated (p-)AKT (cat. no. 4060), AKT (cat. no. 4691), p-PI3K (cat. no. 4228), PI3K (cat. no. 4249) and β-actin (cat. no. 3700) were purchased from CST Biological Reagents Co., Ltd. All these primary antibodies were diluted with Antibody Diluent 2 (1:50; cat. no. 042-203; ProteinSimple). The secondary antibodies used were as follows: Anti-rabbit secondary antibody (cat. no. 042-206; ProteinSimple) and anti-mouse secondary antibody (cat. no. 042-205; ProteinSimple). The secondary horseradish peroxidase conjugate (Streptavidin-HRP; cat. no. 042-414; ProteinSimple) was provided in the detection module and was ready to use. In total, \~200 µl Lumino-S and 200 µl of peroxide supplied in the detection module (cat. no. DM-TP01; ProteinSimple) were mixed in a microcentrifuge tube, gently pipetted and stored on ice. All reagents were added to the wells of the plate and loaded into a Wes system (ProteinSimple) for automatic western blotting assays and a capillary cartridge was inserted into the cartridge holder. Data were analyzed using Compass (version 3.1.7 1205.1438; ProteinSimple).

### Cell viability analysis

Three groups of MCF-7 cells (4,000 cells/well) in the logarithmic growth phase were inoculated into 96-well plates. After the cells adhered to the wall, various chemotherapeutic drugs were added. The final concentrations of docetaxel (Beijing Solarbio Science & Technology Co., Ltd.) were 0.2,0.4, 0.8, 1.0 and 1.2 µmol/l and the final concentrations of cis-platinum (Beijing Solarbio Science & Technology Co., Ltd.) complexes were 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 µmol/l. Three replicate wells were set at each concentration. Cells in the B.C group were used as control wells. Blank wells without any cells were filled with equal volume (100 µl) of DMEM (cat. no. 01-052-1ACS; Biological Industries). After 24 h of drug treatment, Cell Counting Kit (CCK)-8 (cat. no. ab228554, Abcam) reagent was added at 100 µl per well and mixed, followed by incubation for 1 h at room temperature according to the manufacturer\'s protocols. Finally, the optical density (OD) at 450 nm was determined for each well using an enzyme-linked immunosorbent assay detection system (HBS-1096c; Nanjing Detielab Experimental Equipment Co., Ltd.). Cell viability and the half maximal inhibitory concentration (IC~50~) of the two drugs in different groups were calculated using GraphPad Prism version 6 (GraphPad Software).

### Statistical analysis

Data were obtained from three independent experiments and results are presented as mean ± standard deviation. Data were analyzed using one-way ANOVA followed by Tukey\'s post hoc test using GraphPad Prism version 6 (GraphPad Software). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Transfection of MCF-7 cells with PRRX1 promotes the EMT

Cells in the three groups were observed under an inverted fluorescence microscope 48 h after transfection ([Fig. 1A](#f1-mmr-22-04-3183){ref-type="fig"}). The expression of PRRX1 and EMT markers were quantified using RT-qPCR and western blotting 48 h after transfection. Green fluorescent protein expression revealed that \>80% of the cells had been successfully infected. The mRNA and protein levels of PRRX1 were significantly higher in the PRRX1+ group compared with those in both control groups (P\<0.001 and P\<0.01; [Fig. 1B and D](#f1-mmr-22-04-3183){ref-type="fig"}, respectively). These results demonstrated that transfection was effective.

Cells in the N.C and B.C groups exhibited a paving stone shape and were tightly clustered, whereas cells in the PRRX1+ group showed a spindle morphology with loose connections among cells (bright field microscopy images, [Fig. 1A](#f1-mmr-22-04-3183){ref-type="fig"}). The mRNA and protein levels of N-cadherin were significantly higher in the PRRX1+ group compared with those in both control groups (P\<0.05; [Fig. 2A and C](#f2-mmr-22-04-3183){ref-type="fig"}). The mRNA and protein levels of vimentin were also significantly higher in the PRRX1+ group compared with those in both control groups (P\<0.01 and P\<0.05; [Fig. 2D and F](#f2-mmr-22-04-3183){ref-type="fig"}, respectively). These results indicated that PRRX1 promotes EMT in breast cancer cells.

### PRRX1 overexpression promotes MDR and increases P-gp expression

Cell proliferation was analyzed in the three groups using a CCK-8 assay after treatment with docetaxel and cis-platinum complexes for 24 h. The IC~50~ values of docetaxel and cis-platinum complexes for cells transfected with PRRX1 were significantly higher compared with those of the two control groups (both P\<0.01; [Fig. 3A and B](#f3-mmr-22-04-3183){ref-type="fig"}, respectively). These results indicated that overexpression of PRRX1 decreased the inhibitory effects of docetaxel and cis-platinum complexes on proliferation in breast cancer cells.

To further verify the effect of PRRX1 on MDR in breast cancer, the expression levels of the MDR-associated protein P-gp were analyzed in the three groups using RT-qPCR and western blotting. As shown in [Fig. 3C and D](#f3-mmr-22-04-3183){ref-type="fig"}, P-gp mRNA and protein levels were significantly higher in the PRRX1+ group compared with those in both control groups (both P\<0.01). These results revealed that PRRX1 can promote P-gp-associated MDR in breast cancer cells.

### PRRX1 overexpression increases p-PI3K and AKT expression and decreases PTEN

The present study further evaluated the mechanisms by which PRRX1 promotes MDR by investigating the roles of PI3K and AKT. The levels of p-PI3K and p-AKT proteins ([Fig. 4A and B](#f4-mmr-22-04-3183){ref-type="fig"}) and the ratio of p-PI3K/PI3K and p-AKT/AKT were significantly higher in the PRRX1+ group compared with those in both control groups (P\<0.01; [Fig. 4C and D](#f4-mmr-22-04-3183){ref-type="fig"}), whereas the protein expression of total PI3K and AKT in the three groups showed no difference ([Fig. 4A and B](#f4-mmr-22-04-3183){ref-type="fig"}). It has been reported that *PTEN* acts as a tumor inhibitor gene by negatively regulating the PI3K/Akt pathway ([@b16-mmr-22-04-3183]). Next, it was explored whether PRRX1 regulates the PI3K and Akt phosphorylation by downregulating PTEN expression. As shown in [Fig. 4E-G](#f4-mmr-22-04-3183){ref-type="fig"}, the mRNA and protein levels of PTEN were significantly lower in the PRRX1+ group compared with those in the two control groups (both P\<0.01). These results suggested that PRRX1 is a potential regulator of PI3K/Akt signaling pathway in breast cancer cells.

Discussion
==========

Although several chemotherapy regiments have contributed to a marked increase in the survival rates of patients with breast cancer, MDR remains a serious issue with respect to drug efficacy ([@b17-mmr-22-04-3183]) and is associated with the risk of relapse and poor prognosis ([@b18-mmr-22-04-3183]). Accordingly, methods to predict and circumvent MDR are likely to improve chemotherapy outcomes.

EMT is a transitional process accompanied by changes in cell morphology along with loss of polarity, intercellular junctions and expression of the EMT markers, such as N-cadherin, E-cadherin and vimentin ([@b19-mmr-22-04-3183]). Several studies have shown that there is an association between EMT and insensitivity to chemotherapeutic agents ([@b20-mmr-22-04-3183]--[@b22-mmr-22-04-3183]). Fischer *et al* ([@b23-mmr-22-04-3183]) reported that EMT induces cyclophosphamide resistance by the activation of aldehyde dehydrogenase in breast cancer cells. Saxena *et al* ([@b24-mmr-22-04-3183]) revealed that in addition to invasion, EMT inducers also promote drug resistance by upregulating ABC transporters, which efflux chemotherapeutic drugs. PRRX1 is a newly identified EMT inducer and confers invasive properties in cancer cells ([@b8-mmr-22-04-3183]). The present results, along with the aforementioned studies, showed that MCF-7 cells undergo EMT in response to PRRX1 overexpression, exhibiting a spindle-like shape and increased expression levels of the mesenchymal markers N-cadherin and vimentin.

The ability of PRRX1 to promote MDR in breast cancer cells has not been investigated, to the best of our knowledge. Previous studies have shown that PRRX1 promotes EMT and is associated with metastasis, poor prognosis and radiotherapy resistance in colorectal cancer ([@b9-mmr-22-04-3183],[@b25-mmr-22-04-3183]). However, in lung cancer cells the loss of PRRX1 induces EMT and induces antiapoptotic ability and resistance to cisplatin ([@b26-mmr-22-04-3183],[@b27-mmr-22-04-3183]). The present study demonstrated that PRRX1 decreases the sensitivity of MCF-7 breast cancer cells to different drugs. These data, along with the aforementioned studies, suggested that PRRX1 has distinct functions among different types of cancer. In tumor cell lines, MDR is often associated with an ATP-dependent decrease in cellular drug accumulation, which is attributed to the overexpression of certain ABC transporter proteins ([@b28-mmr-22-04-3183],[@b29-mmr-22-04-3183]). Among causes of MDR, the overexpression of P-gp, encoded by *MDR1*, plays a notable role in drug recognition and export before reaching intracellular targets ([@b30-mmr-22-04-3183]). The present study demonstrated that MDR is increased in PRRX1-overexpressing cells and that P-gp levels in these cells are higher compared with those in both control cells. A previous study has shown that PRRX1 expression is higher in breast cancer tissues compared with adjacent normal tissues and is associated with the migration and invasion of breast cancer cells ([@b31-mmr-22-04-3183]). The expression status of PRRX1 in patients with and without drug resistant should be analyzed in future research to further investigate the clinical significance of PRRX1 in drug resistance.

The PI3K/AKT signaling pathway is associated with various biochemical processes, including EMT ([@b32-mmr-22-04-3183],[@b33-mmr-22-04-3183]), MDR ([@b34-mmr-22-04-3183],[@b35-mmr-22-04-3183]), cell invasion, migration ([@b36-mmr-22-04-3183],[@b37-mmr-22-04-3183]) and proliferation ([@b38-mmr-22-04-3183],[@b39-mmr-22-04-3183]). As a key tumor suppressor gene, PTEN can inhibit the PI3K/AKT signaling pathway and serves an important role in the regulation of a series of biological processes. The loss of PTEN activity leads to uncontrolled PI3K signaling, which is found in a variety of primary and metastatic tumors, including breast cancer ([@b40-mmr-22-04-3183],[@b41-mmr-22-04-3183]). The present study reported that PRRX1 overexpression in MCF-7 cells resulted in a decrease in PTEN and increases in the phosphorylation of PI3K and AKT. It was also demonstrated that PRRX1 may promote MDR through the activation of the PTEN/PI3K/AKT signaling pathway. Inhibitors of PI3K and AKT will be applied in future studies to further verify the function of PI3K/AKT signaling in the PRRX1-induced MDR.

The present study is the first, to the best of our knowledge, suggesting that PRRX1 promotes MDR in breast cancer cells. However, only one cell line was used, and no drug resistant cell lines were constructed, which are limitations of the present study. Moreover, the reverse effect of PRRX1 downregulation on MDR and other associated pathways were not investigated. Further research is needed to evaluate drug resistance through combined detection of multiple indicators using different tumor cell lines. Nevertheless, the present findings demonstrated that PRRX1 overexpression induced the EMT process and promoted MDR in MCF-7 breast cancer cells, which may be underpinned by PTEN/PI3K/AKT signaling. The present study not only provides novel insights into the role of PRRX1 in MDR, but also highlights the potential of PRRX1 as a novel target for breast cancer treatment.
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![Transfection of MCF-7 cells with PRRX1 promotes epithelial-mesenchymal transition. (A) Morphological changes and infection efficiency were observed by inverted fluorescent microscope 48 h after transfection. Green fluorescent protein expression revealed that \>80% of the cells had been successfully infected with plasmids. Magnification, ×200. Reverse transcription-quantitative PCR and simple western blotting were used to detect the (B) mRNA and (C and D) protein expression levels of PRRX1, respectively. Values are expressed as mean ± standard deviation. \*\*P\<0.01, \*\*\*P\<0.001 vs. BC and NC. ns, no significance; PRRX1, paired-related homeobox 1; BC, blank control; NC, negative control; ns, not significant.](MMR-22-04-3183-g00){#f1-mmr-22-04-3183}

![PRRX1 overexpression increases the expression of epithelial-mesenchymal transition-associated molecules N-cadherin and vimentin. Reverse transcription-quantitative PCR assays were used to measure the mRNA expression levels of (A) N-cadherin and (D) vimentin. Simple western blotting was used to detect the protein expression levels of (B and C) N-cadherin and (E and F) vimentin. Values are expressed as mean ± standard deviation. \*P\<0.05, \*\*P\<0.01 vs. BC and NC. ns, no significance; PRRX1, paired-related homeobox 1; BC, blank control; NC, negative control; ns, not significant.](MMR-22-04-3183-g01){#f2-mmr-22-04-3183}

![PRRX1 overexpression promotes multidrug resistance and increases P-gp expression. A Cell Counting Kit-8 assay was performed to detect the IC~50~ values of the three groups after treated with (A) docetaxel and (B) cis-platinum complexes for 24 h. Reverse transcription-quantitative PCR assays and simple western blotting were used to detect the (C) mRNA and (D and E) protein expression levels of P-gp. Values are expressed as mean ± standard deviation. \*\*P\<0.01 vs. BC and NC. ns, no significance; PRRX1, paired-related homeobox 1; P-gp, P-glycoprotein; IC~50~, half maximal inhibitory concentration; ns, not significant.](MMR-22-04-3183-g02){#f3-mmr-22-04-3183}

![PRRX1 overexpression increases p-PI3K and p-AKT expression and decreases PTEN. Simple western blotting was used to detect the phosphorylation levels of (A) PI3K and (B) AKT. (C) The ratio of p-PI3K/PI3K and (D) p-AKT/AKT was calculated and presented. In addition, reverse transcription-quantitative PCR assays and simple western blotting were used to detect the (E) mRNA and (F and G) protein levels of PTEN. Values are expressed as mean ± standard deviation. \*\*P\<0.01 vs. BC and NC; ns, no significance; PRRX1, paired-related homeobox 1; BC, blank control; NC, negative control; ns, not significant.](MMR-22-04-3183-g03){#f4-mmr-22-04-3183}

###### 

Primer sequences for PRRX1, PTEN, MDR1, N-cadherin, vimentin and GAPDH.

  Gene         Primer sequences (5′→3′)
  ------------ ---------------------------
  *PRRX1*      F: GCACAGGCGGATGAGAAC
               R: TCTTCTGAGTTCAGCTGGTCAT
  *PTEN*       F: AGTTCCCTCAGCCGTTACCT
               R: ATTTGACGGCTCCTCAACTG
  *MDR1*       F: CCCATCATTGCA ATAGCAGG
               R: TGTTCAAACTTCTGCTCCTGA
  N-cadherin   F: CCTTTCAAACACAGCCACGG
               R: TGTTTGGGTCGGTCTGGATG
  Vimentin     F: TTGACAATGCGTCTCTGGCA
               R: CGTGAGGTCAGGCTTGGAAA
  *GAPDH*      F: GGAGCCAAAAGGGTCATCATCT
               R: AGGGGCCATCCACAGTCTTCT

F, forward; R, reverse; PRRX1, paired-related homeobox 1; MDR1, multidrug resistance protein.
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